Phosphatidylcholine (PC) is a major phospholipid of mitochondria, comprising 40 -50% of both the outer and the inner membranes. However, PC must be imported from its production organelles because mitochondria lack the enzymes essential for PC biosynthesis. In a previous study, we found that StarD7 mediates the intracellular transfer of PC to mitochondria. Therefore, in this study, we analyzed the contribution of StarD7 to the maintenance of mitochondrial phospholipid content and function using siRNA-mediated knockdown and knock-out (KO) of the StarD7 gene in HEPA-1 cells. Real time analysis of respiratory activity demonstrated that the oxygen consumption rate and activity of mitochondrial complexes were impaired in StarD7-KD cells. To confirm these results, we established StarD7-KO HEPA-1 cells by double nicking using CRISPR/Cas9n. As expected, StarD7-KD and -KO cells showed a significant reduction in mitochondrial PC content. The ATP level and growth rate of KO cells were notably lower compared with wild-type cells when cultured in glucose-free galactosecontaining medium to force cells to rely on mitochondrial ATP production. In KO cells, the level of the MTCO1 protein, a primary subunit of complex IV, was reduced without a concomitant decrease in its mRNA, but the level was restored when StarD7-I was overexpressed. StarD7-KO cells showed impaired formation of the mitochondrial supercomplexes and exhibited a disorganized cristae structure, with no changes in optic atrophy 1 protein. These findings indicate that StarD7 plays important roles in maintaining the proper composition of mitochondrial phospholipids as well as mitochondrial function and morphogenesis.
Phosphatidylcholine (PC) is a major phospholipid of mitochondria, comprising 40 -50% of both the outer and the inner membranes. However, PC must be imported from its production organelles because mitochondria lack the enzymes essential for PC biosynthesis. In a previous study, we found that StarD7 mediates the intracellular transfer of PC to mitochondria. Therefore, in this study, we analyzed the contribution of StarD7 to the maintenance of mitochondrial phospholipid content and function using siRNA-mediated knockdown and knock-out (KO) of the StarD7 gene in HEPA-1 cells. Real time analysis of respiratory activity demonstrated that the oxygen consumption rate and activity of mitochondrial complexes were impaired in StarD7-KD cells. To confirm these results, we established StarD7-KO HEPA-1 cells by double nicking using CRISPR/Cas9n. As expected, StarD7-KD and -KO cells showed a significant reduction in mitochondrial PC content. The ATP level and growth rate of KO cells were notably lower compared with wild-type cells when cultured in glucose-free galactosecontaining medium to force cells to rely on mitochondrial ATP production. In KO cells, the level of the MTCO1 protein, a primary subunit of complex IV, was reduced without a concomitant decrease in its mRNA, but the level was restored when StarD7-I was overexpressed. StarD7-KO cells showed impaired formation of the mitochondrial supercomplexes and exhibited a disorganized cristae structure, with no changes in optic atrophy 1 protein. These findings indicate that StarD7 plays important roles in maintaining the proper composition of mitochondrial phospholipids as well as mitochondrial function and morphogenesis.
Eukaryotic cells contain a variety of compartments, or organelles, that perform different functions. The lipid bilayer of the organelle membrane is indispensable for both organelle compartmentalization and the biochemical reactions occurring in or on the surface of organelles. For example, lipid synthesis is primarily catalyzed by membrane-bound enzymes, and oxidative phosphorylation requires a membrane to create proton gradient for ATP synthesis. The lipid bilayer of organelles is thus composed of phospholipids that vary depending on their function. The proper composition of phospholipids in the lipid bilayer is critical for maintaining homeostasis and organelle activity.
Cellular phospholipid biosynthesis occurs in some organelles, such as the endoplasmic reticulum (ER), 2 Golgi complex, and mitochondria (1, 2). Therefore, the existence of machinery for dynamic inter-organelle movement of phospholipids via vesicular or non-vesicular pathways has been speculated. Mitochondria contain the sequential enzymes producing phosphatidylglycerol, cardiolipin, and phosphatidylethanolamine (PE) (3) . Phosphatidylserine (PS), synthesized in the ER, is transported to mitochondria through restricted membranes called mitochondrion-associated membranes (MAMs), which are transient bridges from the ER to the outer mitochondrial membrane (2) . PE is then produced from PS by PS decarboxylase (PSD) in the inner membrane of mitochondria. Unlike the case with PE synthesis, phosphatidylcholine (PC), the major component of both the inner and outer membranes of mitochondria, is thought to be imported from its sites of synthesis, such as the ER or Golgi apparatus, because the sequential enzymes for PC production are not present in mitochondria. However, the precise molecular machinery for PC transport from the ER or Golgi to mitochondria remains obscure.
In yeast, an ER-mitochondria tethering protein complex was recently identified. Mutation of this protein complex impairs phospholipid trafficking between the ER and mitochondria (4) .
A similar mammalian protein complex has been reported, and mitofusin-2 (5, 6) , GRP75 (7) , Fis1, and Bap31 (8) are known to tether the ER to mitochondria. Loss of these proteins impairs mitochondrial Ca 2ϩ uptake from the ER. However, the contributions of these tethering proteins to phospholipid movement between mitochondria and the ER in mammalian cells are not fully understood.
In a previous study, we found an alternative pathway for the transport of phospholipids to mitochondria involving StarD7 (START domain-containing protein) (9) . StarD7 is a member of the steroidogenic acute regulatory protein-related lipid transfer (START) domain-containing family. START domains, which contain ϳ210 amino acid residues, bind to specific lipids, including phospholipids, sterols, and sphingolipids (10 -12) . We demonstrated that StarD7 specifically binds, extracts, and transfers PC from the donor membrane to the acceptor membrane in vitro. There are two variable forms of StarD7, designated StarD7-I, which contains a mitochondrion-targeting sequence in the N terminus, and StarD7-II, which lacks the mitochondrion-targeting sequence. StarD7-I localizes in mitochondria and cytosol, whereas StarD7-II localizes in the cytosol. In HEPA-1 cells, the intracellular transport of exogenously incorporated fluorescent PC into mitochondria is increased when StarD7-I is overexpressed (9) . Thus, we concluded that StarD7 is a soluble carrier protein involved in the intracellular transfer of PC to mitochondria. However, the biological functions of this protein in mitochondria are poorly understood.
In this study, silencing and deletion of the StarD7 gene were employed to clarify the contribution and importance of StarD7 in mitochondrial function. We found that mitochondrial respiration and complex activities were impaired in StarD7-knockdown (KD) cells. To confirm these results, we also prepared StarD7-knock-out (KO) cells. The mitochondrial PC content was clearly lower in StarD7-KD and -KO cells relative to controls, and the ATP level and cell proliferation rate were also lower in KO cells. Surprisingly, StarD7-KD and -KO cells showed incomplete formation of cristae. These results suggest that StarD7 plays important roles in PC transfer to mitochondria for maintaining PC homeostasis and mitochondrial function and morphogenesis.
Results
Acute Reduction in StarD7 Level Following RNAi Silencing Impaired Mitochondrial Respiration-Initially, we reduced the expression of endogenous StarD7 by gene silencing to determine the contribution of this protein to mitochondrial function. HEPA-1 cells were transiently transfected with siRNAs (#1-3) or a control sequence. The three siRNAs target distinct regions of mouse StarD7 and were obtained from different suppliers. We analyzed the effect of gene KD on real time mitochondrial respiration using a Seahorse XF24 Bioanalyzer (Fig.  1A ). We thought that ATP generation would be strongly dependent on glycolysis (the Warburg effect), because HEPA-1 cells are derived from a hepatoma. Therefore, to increase the efficiency of ATP generation dependent on mitochondrial oxidative phosphorylation instead of glycolysis, cells were cultured in glucose-free DMEM containing 25 mM galactose 1 day before analysis. StarD7-KD cells showed significantly lower basal res-piration ( Fig. 1B) , ATP-linked respiration (Fig. 1C ), maximal respiration (Fig. 1D ), and proton leak ( Fig. 1E ). We also analyzed the activity of respiratory complexes after permeabilization of intact cells. As shown in Fig. 2 , the activity of all mitochondrial complexes in KD cells was significantly impaired.
Next, we determined protein levels in respiratory complexes. In this study, we examined the subunits of complexes II (succinate dehydrogenase complex iron-sulfur subunit B), III (UQCR2, ubiquinol-cytochrome c reductase core protein II), IV (MTCO1, mitochondrially encoded cytochrome c oxidase I), and V (ATP5A, ATP synthase, mitochondrial F1 complex, ␣ subunit). As shown in Fig. 3A , almost no endogenous StarD7 was detected following RNAi silencing. No decrease in protein levels of subunits for these complexes were observed, although the activity of complexes II, III, and V was impaired by StarD7 KD. In contrast, the level of MTCO1, a primary subunit of complex IV, was significantly reduced in KD cells ( These findings suggest that StarD7 is required for the activity and stability of respiratory complexes in mitochondria.
Generation of StarD7-KO Cells Using the CRISPR/Cas9n
System-To analyze the role of StarD7 in mitochondrial function in more detail, we generated a line of stable HEPA-1 cells in which the StarD7 gene was ablated using the CRISPR/Cas9 system. To reduce the incidence of off-target ablation, we used a Cas9 double-nickase (Cas9n) method. Approximately 20 colonies were obtained and analyzed after puromycin selection, and 10 clones showed a significant reduction in StarD7 expression. Genomic DNA was isolated from each of these clones, and DNA regions for both gRNA targets were sequenced. We obtained two clones with deletions in both alleles (Fig. 4, A and  B) , and we designated these clones as KO1 and KO2. KO1 showed a 32-bp deletion and 3-bp incorrect insertion, and KO2 showed 20-bp deletions. KO1 cells express mutated StarD7 consisting of a 73-amino acid sequence of the StarD7 N terminus and sequential 19 amino acids of frame-shifted StarD7. KO2 cells express mutated StarD7 consisting of a 69-amino acid sequence of the StarD7 N terminus and sequential 26 amino acids of frame-shifted StarD7. Therefore, both mutated proteins do not contain a START domain (139 -328 amino acids). As shown in Fig. 4C , a protein band of StarD7 corresponding to molecular mass of about 37 kDa was completely abolished in these KO cells.
StarD7 KO and KD Altered the Mitochondrial Phospholipid Content and Composition-We speculated that the amount of mitochondrial PC might be decreased in StarD7-KO cells because StarD7 functions in the transfer of PC to mitochondria (9) . Thus, we analyzed the effect of deletion of StarD7 on the mitochondrial phospholipid content and constitution. Mitochondria were isolated from StarD7-KO or wild-type (WT) cells using a Percoll/Nycodenz discontinuous density gradient, and the phospholipids were extracted and analyzed by LC-MS/ MS. The purity of the isolated mitochondria was verified by immunoblotting with anti-ATP5A (mitochondria), anti-actin (cytosol), anti-GM130 (Golgi apparatus), anti-PMP70 (peroxisome), and anti-EEA1 (endosome) antibodies ( Fig. 5A ). As expected, the proportion of the major mitochondrial PC, consisting of 18:0 -18:1, 16:0 -18:1, and 18:1-18:1 fatty acid moieties, was significantly reduced (by 30 -40%) in StarD7-KO cells compared with WT cells (Fig. 5B ). For an unknown reason, the proportion of PE with 18:0 -18:1 and 18:0 -20:4 fatty acid moieties was increased in StarD7-KO cells compared with WT cells (Fig. 5C ). The absolute amounts of major mitochondrial PC (18:0 -18:1 and 16:0 -18:1) and PE (18:0 -20:4) were determined and also decreased in StarD7-KO cells compared with WT cells (Table 1) . We also quantified mitochondrial PC and PE in StarD7-KD cells and confirmed a reduction in PC levels ( Fig. 5D ) and an increase in PE levels (Fig. 5E ). These results strongly support our previous hypothesis that StarD7 mediates the transfer of PC to mitochondria.
Rescue Experiments of the Reduced Mitochondrial ATP Production and Cell Growth Rate in StarD7 KO Cells-Next, we compared the effect of StarD7 depletion on ATP production and cell growth rate in comparison with WT cells. When StarD7-KO cells were cultured in high-glucose DMEM, the ATP level in KO1 cells declined slightly, whereas the ATP level A, HEPA-1 cells were transfected with three siRNAs against StarD7 (#1, #2, and #3) or control siRNA (Cont) and cultured for 3 days in DMEM containing glucose and supplemented with 10% fetal bovine serum. Ten g of protein were separated by SDS-PAGE, and levels of mitochondrial complex subunit proteins were analyzed by Western blotting. B, density of the MTCO1 band in A was measured using Quantity One software. ␤-Actin was used as a loading control. Data were obtained at the linear range of signal intensity. Values are means Ϯ S.D. from three independent experiments. Each experiment was repeated more than two times with similar results. *, p Ͻ 0.05, and **, p Ͻ 0.01, as compared with control siRNA.
StarD7 Maintains Mitochondrial Phosphatidylcholine Composition
in KO2 cells was almost the same as that in WT cells ( Fig. 6A ). However, when cells were cultured in glucose-free DMEM containing galactose to force the cells to rely on mitochondrial ATP production instead of glycolysis, the ATP level in StarD7-KO cells declined dramatically compared with WT cells (Fig. 6B ). To confirm that the reduction of ATP production in StarD7-KO cells was dependent on the deletion of StarD7, we transiently transfected KO cells with a plasmid encoding human StarD7-I and -II to rescue StarD7 expression. As we reported previously, there are two variable forms of StarD7, designated StarD7-I, which contains a mitochondrion-targeting sequence in the N terminus, and StarD7-II, which lacks the mitochondrion-targeting sequence (9) . StarD7-I therefore localizes in mitochondria and the cytosol, whereas StarD7-II localizes exclusively in the cytosol. As shown in Fig. 6B , the reduction of ATP level in StarD7-KO cells was partially reversed when StarD7-I was overexpressed in KO cells, but the same effect was not observed with StarD7-II.
We then compared the growth rate of StarD7-KO and WT cells cultured in glucose or glucose-free DMEM containing galactose. As shown in Fig. 6C , the growth rates were almost the same when the cells were cultured in glucose-containing medium. However, the growth rate of StarD7-KO cells was significantly lower than that of WT cells when cultured in glucosefree medium containing galactose ( Fig. 6D ). Cell growth rate of StarD7-KO cells in glucose-free medium containing galactose was also rescued when StarD7-I was overexpressed in KO cells as shown in Fig. 6E . These results indicate that StarD7 is important for mitochondrial ATP generation and cell growth. These phenotypes of StarD7-KO cells were similar to the cells having optic atrophy 1 (Opa1) deficiency, which is an important protein for the maintenance of cristae architecture (13) .
Exogenous Expression of Mitochondrial StarD7-I Rescued Levels of MTCO1 Protein-We also determined MTCO1 levels in StarD7-KO cells because the level of MTCO1 protein was significantly reduced in StarD7-KD cells ( Fig. 3 ). As shown in Fig. 7 , the cytochrome c oxidase activity of complex IV (Fig. 7A) as well as the level of MTCO1 ( Fig. 7B ) were significantly reduced in KO cells. As shown in Fig. 7B , the reduction in the level of MTCO1 protein was reversed in part when StarD7-I was overexpressed in KO cells, but the same effect was not observed with StarD7-II overexpression.
StarD7 KO Did Not Reduce Mitochondrial Transcription but Impaired the Formation of Heavy Supercomplexes-Complex IV is composed of 14 protein subunits, 11 of which are encoded by nuclear DNA and 3 of which (MTCO1, MTCO2, and MTCO3) are encoded by mtDNA. To determine why MTCO1 levels were reduced in StarD7-KO cells, we quantitatively analyzed the transcription of MTCO1 using RT-qPCR. In this experiment, we used total RNA treated with DNase to remove mitochondrial DNA prior to PCR. As shown in Fig. 8A , levels of MTCO1 mRNA in KO cells were similar to those in WT cells. We also compared levels of mitochondrial MTCO3 and TFAM mRNA between WT and KO cells. As shown in Fig. 8 , B and C, there were no significant differences between WT and KO cells with respect to levels of these transcripts.
We then examined the effect of StarD7 KO on the level of mtDNA copy number (ND1) relative to nuclear DNA (platelet NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 24883 endothelial cell adhesion molecule-1, PECAM-1). As shown in Fig. 8D , there was no significant difference in mtDNA levels between WT and KO cells. Thus, the decrease in the levels of MTCO1 in StarD7-KO cells was not the result of a general decrease in mitochondrial transcription.
In StarD7-deficient cells, activity of mitochondrial complexes was significantly reduced (Fig. 2 ). However, protein levels of these complexes were not decreased except complex IV protein, MTCOI (Figs. 3 and 7B). To clarify the mechanism for the reduction of complex activity, the formation of mito- 
chondrial supercomplexes was analyzed by blue native-PAGE (BN-PAGE) (14) . As shown in Fig. 8E , the formation of heavy supercomplexes (I-III n -IV n ) was significantly impaired in StarD7-KO cells. From these results, a threshold amount of PC is important for formation and stability of supercomplexes. Next, we analyzed the protein level of SDHA, a catalytic domain of complex II. Even though activity of complex II was reduced ( Fig. 2B ), there was no significant difference in SDHA levels between WT and KO cells (Fig. 8F) . Thus, the reduction of complex II activity was not due to missing the catalytic subunit. Loss of StarD7 Alters Mitochondrial Morphology-Next, we examined the effect of StarD7 deletion on mitochondrial morphology and ultrastructure using electron microscopy. As shown in Fig. 9, A and B , both control siRNA-treated and WT cells showed intact mitochondrial cristae structures. In contrast, both KD and KO cells lacked normal cristae. These results suggest that StarD7-mediated transfer of PC to mitochondria is essential for the formation of normal cristae.
The inner membrane dynamin-like GTPase Opa1 mediates inner membrane mitochondrial fusion and morphology (13, 15, 16) . Inner membrane proteases such as Oma1 cleave long membrane-bound Opa1 forms (Opa1-L) into short soluble forms (Opa1-S). This processing of Opa1 is critical for cristae biogenesis and remodeling (17, 18) . Therefore, we examined the abundance and processing of Opa1 by immunoblotting. As shown in Fig. 9C , there were no significant differences between WT and KO cells with respect to either the protein level or processing of Opa1. Cristae morphology is also dependent on the oligomerization of Opa1 (13) , and oligomerization of Opa1 was also analyzed. Cells were treated with bismaleimidohexane, a cell-permeable cross-linker, and oligomerized Opa1 was clarified. As shown in Fig. 9D , no significant difference in Opa1 oligomerization between WT and KO cells was observed, suggesting that incomplete formation of cristae in StarD7-KO cells is independent of Opa1 activity.
Discussion
Although PC is the predominant phospholipid (40 -50%) of mitochondria, it must be imported into mitochondria because mitochondria lack the essential enzymes necessary for PC production (2, 3, 19) . In our previous study, we showed that the soluble carrier protein StarD7 selectively transfers PC to mitochondria via a mitochondrion-targeting signal at the N terminus and a lipid-transfer domain at the C terminus (9) . Here, to further elucidate the role of StarD7 in mitochondrial phospholipid homeostasis, respiration, and morphology, the StarD7 gene was silenced and deleted.
We found that levels of mitochondrial PC were significantly reduced in both StarD7-KO and -KD cells, strongly supporting our hypothesis that StarD7 mediates the transfer of PC to mitochondria. We also found that the enzymatic activity of mitochondrial complexes I, II, and III was significantly impaired in StarD7-KD cells, without a concomitant decrease in protein levels. Previously, it was reported that NADH:ubiquinone oxidoreductase (complex I) from bovine heart mitochondria strongly binds to PC and PE and that the enzyme's catalytic activity is dependent on the levels of the bound lipids (20) . It was also reported that purified succinate dehydrogenase and succinate-ubiquinone reductase (complex II) interact with PC (21) . Moreover, the enzymatic activity of bovine heart mitochondrial ubiquinol-cytochrome c reductase (complex III) is affected by the level of PC (22) . Therefore, it is likely that decreases in mitochondrial PC levels adversely affect the activity of these trans-membrane complexes. We found that both the protein level and enzymatic activity of complex IV were significantly reduced by defects in StarD7. As shown in Fig. 8E , the formation of mitochondrial heavy supercomplexes (I-III n -IV n ) was significantly impaired in StarD7-KO cells. It is reasonable to conclude that post-transcriptional factors impaired the translational mechanism or the stability of the complex, because no reductions in the levels of MTCO1, MTCO3, and TFAM mRNAs or mtDNA were observed in StarD7-KO cells. Finally, we found that the structure of mitochondrial cristae was significantly disrupted in StarD7-KD and -KO cells. Our results demonstrating impaired mitochondrial complex activity in StarD7-KD and -KO cells are in agreement with previous reports indicating that cristae morphology determines the assembly and stability of respiratory complexes (16) .
In our previous study, we showed that StarD7 is localized on the outer mitochondrial membrane, where it mediates the transfer of PC to the membrane. However, loss of StarD7 disrupted the inner mitochondrial membrane, impairing cristae formation and the activity of mitochondrial complex enzymes. These results strongly suggest that the phospholipids of the inner membrane are significantly impacted by StarD7. One possible explanation for this is that in addition to transferring PC to mitochondria, StarD7 might also shuttle PC from the outer to the inner membrane within mitochondria. In support of this hypothesis, we can consider the function of StAR, also designated StarD1, another START domain-containing protein. Similar to StarD7-I, StAR has an N-terminal mitochondrion-leading sequence and C-terminal START domain, which can specifically bind to and transfer cholesterol. The outer membrane of adrenal mitochondria contains abundant amounts of cholesterol; however, the inner membrane contains a relatively small amount of cholesterol. Intra-mitochondrial movement of cholesterol from the outer to the inner membrane is the rate-limiting step in steroidogenesis. It is now widely accepted that StAR acts in the intra-membranous space to shuttle cholesterol from the outer to the inner membrane, where it is converted to the first steroid, pregnenolone, by the action of cytochrome P450. To our knowledge, no specific molecules or mechanisms responsible for intra-mitochondrial movement of PC from the outer to the inner membrane have been identified. Thus, the possibility that StarD7 regulates the transfer of PC from the outer to the inner membrane cannot be denied. Further study of the molecular mechanism of StarD7 activity in the intra-mitochondrial space will be needed to resolve this issue.
PE is the second most abundant phospholipid in mitochondria, comprising 35-40% of total mitochondrial phospholipids. Whereas the sequential enzymes for the synthesis of PC are not located in mitochondria, PE can be produced by the action of PSD, which is localized in the inner mitochondrial membrane. Similar to our present findings, another study reported that depletion of mitochondrial PE also causes abnormalities in mitochondrial function (23) . Tasseva et al. (23) showed that a defect in PSD causing a 20 -30% reduction in mitochondrial PE levels also leads to decreases in cell growth rate, respiration and ATP production, and disruption of the structure of cristae in CHO cells. Because PE is a typical cone-shaped lipid that modulates the negative membrane curvature and tends not to form a bilayer during the membrane fusion process (24, 25) , a reduction in mitochondrial PE levels might affect mitochondrial inner membrane fusion. Although the importance of PE to proper mitochondrial activity is now better understood, why the deletion of StarD7 results in disruption of the structure of cristae remains unclear. Opa1 is a mitochondrial GTPase responsible for inner membrane fusion and maintenance of cristae structure. Disorganization of cristae in StarD7-KO cells appeared to be independent of Opa1 function, because no changes in either the level or processing of Opa1 protein were observed following deletion. PC exhibits a cylindrical molecular shape and forms flat bilayer structures. In StarD7-KO cells, PC levels were about 30 -40% lower than in WT cells. Thus, it is possible that the loss of StarD7 leads to a loss of shortage of PC, disrupting the formation of normal mitochondrial membrane bilayers and thus adversely affecting the mitochondrial structure.
In StarD7-KO cells, a significant amount of PC remained in the mitochondria. This result suggests that StarD7 is not the only protein involved in the transfer of PC to mitochondria and that there is an alternative pathway for PC transfer that does not involve StarD7. Other researchers have suggested that the physical bridges between the ER and mitochondria, known as MAMs, are important for the efficient transfer of PS from the ER to mitochondria (2, 26) . Although it is not known whether PC is also transferred to mitochondria via MAMs, there are likely several pathways for supplying PC to mitochondria. Further studies involving double KO of StarD7 and genes encoding ER-mitochondrion-tethering proteins, such as mitofusin-2, GPR75, Fis1, and Bap31, would be useful.
Although we demonstrated that defects in StarD7 reduce the synthesis of cellular ATP in vitro, the function of this protein in vivo is poorly understood. Yang et al. (27) recently generated mice in which one allele of the StarD7 locus was globally disrupted (StarD7 ϩ/Ϫ mice) (28) . Most StarD7 Ϫ/Ϫ mice died between embryonic days E10 and E11. However, StarD7 ϩ/Ϫ mice, which express StarD7 at about half the level of WT mice, survived. They also demonstrated increased permeability of epithelial barriers and asthma-like pathological features, such as enhanced allergic responses in the airway and lung. In these tissues, activation of pro-asthmatic myeloid dendritic cells was observed. These results suggest that StarD7 may play an important role in epithelial barrier function and immune homeostasis. Typical mitochondrial dysfunction causes brain, heart, and muscle diseases because of the high energy requirements of these organs. Neurodegenerative disorders or mitochondrial myopathies in StarD7-deficient mice require further study, but the results of this study will enhance the general understanding of the pathology and treatment of mitochondrial diseases.
In conclusion, this study demonstrated that StarD7 is nonvesicular carrier that transports PC to mitochondria within cells. StarD7 is indispensable for the maintenance of the proper composition of mitochondrial phospholipids and plays important roles in maintaining the activity, integrity, and stability of mitochondrial complexes and the structure of cristae.
Experimental Procedures
Cell Culture and siRNA-mediated KD-Mouse hepatoma (HEPA-1) cells were cultured in DMEM (high glucose) with 10% fetal bovine serum (FBS) at 37°C in a humidified incubator containing 5% CO 2 . For KD, we used three siRNAs: #1 (GAG AUC AAA GUG AAA GAC UTT) and #2 (GAC AUA CAG UGA CAA UCC ATT) were MISSION siRNAs obtained from Sigma, whereas #3 (CAA GAA CAU GGA GAU CAA AGU GAA A) was Stealth siRNA obtained from Life Technologies, Inc. We used MISSION siRNA universal as the negative control (Sigma). Cells were transfected with these siRNAs using Lipofectamine RNAiMAX (Life Technologies, Inc.), according to the manufacturer's instructions.
Cellular Oxygen Consumption and Measurement of Complex Activity in Intact Cells-The oxygen consumption rate (OCR) was determined using a Seahorse Extracellular Flux Analyzer XF24 (Seahorse Bioscience, North Billerica, MA). After transfection with siRNAs, HEPA-1 cells were cultured overnight in high-glucose DMEM. The cells were then dispersed and plated on a Seahorse 24-well plate at 1.2 ϫ 10 4 cells/well and cultured overnight with 25 mM galactose, 1 mM pyruvate, 2 mM glutamine, and 10% FBS. The OCR was determined using the Seahorse Analyzer at each step before and after sequential injections of 0.5 M oligomycin, 4 M carbonyl cyanide p-trifluoromethoxyphenylhydrazone, and 1 M rotenone/myxothiazol. To assay the activity of individual mitochondrial complexes, cells were permeabilized with XF Plasma Membrane Permeabilizer Reagent (Seahorse Bioscience) in mitochondrial assay solution buffer (Seahorse Bioscience) just before the assay. Respiration was assessed in the presence of 10 mM pyruvate (complex I substrate), 2 mM malate and 4 M carbonyl cyanide p-trifluoromethoxyphenylhydrazone for complex I activity, and sequential addition of 2 M rotenone (complex I inhibitor) and 10 mM succinate (complex II substrate) for complex II activity, then addition of 4 M antimycin A (complex III inhibitor) for complex III activity, and final addition of 0.1 mM tetramethyl-p-phenylenediamine dihydrochloride containing 10 mM ascorbate (complex IV substrate) for complex IV activity. Complex III respiration was assessed after addition of 4 M antimycin A. Cellular protein content was measured using a BCA protein assay kit (Thermo Scientific), and all results were normalized per total micrograms of protein.
Western Blotting Analysis-Anti-StarD7 antibody was prepared as reported previously (9) . Other primary antibodies are as follows: total OXPHOS rodent WB antibody mixture (Abcam, Cambridge, UK) for complexes; rabbit anti-actin (Sigma); anti-optic atrophy 1 (Opa1) clone18/OPA1 (BD Transduction Laboratories); and anti-succinate dehydrogenase complex iron sulfur subunit A (SDHA) (Cell Signaling Technology). Cells were lysed in 20 mM Tris-HCl buffer (pH 8.0) containing 0.5% Triton X-100, 1 mM EDTA, 0.5 mM PMSF, and 5 g/ml leupeptin, antipain, and chymostatin; protein was measured using a BCA protein assay kit.
To perform Western blotting analyses, proteins separated by SDS-PAGE were transferred to nitrocellulose membranes (Amersham Biosciences Protran, GE Healthcare) using a Trans-Blot SD Semi-Dry Transfer blotter (Bio-Rad), and the membranes were incubated with 5% (w/v) skim milk in TBS for 1 h and washed three times with T-TBS (TBS containing 0.02% Tween 20) . The membranes were then incubated with antibodies overnight at 4°C, washed three times with T-TBS, and incubated with horseradish peroxidase-conjugated IgGs for 1 h at room temperature. The membranes were washed three times with T-TBS and stained with a Clarity Western ECL substrate (Bio-Rad), according to the manufacturer's instructions, and visualized using a ChemiDoc MP (Bio-Rad). Protein band intensity was measured using Quantity One software (Bio-Rad). Data were obtained at the linear range of signal intensity. The band intensity was normalized against that of ␤-actin.
Generation of StarD7-KO HEPA-1 Cells by Double Nicking Using CRISPR-Cas9n-Genome editing of HEPA-1 cells was performed using a double-nicking approach that requires the activity of two nickase Cas9 enzymes (29) . Two pairs (B1 and B2) of 20-bp single-guide RNAs (sgRNAs) targeting exon 1 of mouse StarD7 were designed using the CRISPR design tool, available on line. The sgRNA pairs were cloned into a pSpCas9n(BB)-2A-Puro (PX462) vector (Addgene plasmid 48141). The sgRNA pairs were mStarD7-B1s (5Ј-CACC-GAAACAGAGGCATGGCCGGGG-3Ј) and mStarD7-B1r (5Ј-AAACCCCCGGCCATGCCTCTGTTTC-3Ј) (position, chromosome 2: 127,270,797), and mStarD7-B2s (5Ј-CAC-CGCGCTCTCCGGTGTTTTCGTA-3Ј) and mStarD7-B2r (5Ј-AAACTACGAAAACACCGGAGAGCGC-3Ј) (position, chromosome 2: 127,270,840). These vectors were co-transfected into HEPA-1 cells using Lipofectamine 2000 transfection reagent (Life Technologies, Inc.), according to the manufacturer's instructions. Forty eight hours after transfection, the cells were cultured in the presence of 5 g/ml puromycin for 10 days, and surviving cells were then seeded as single colonies (0.5 cells/well) in 96-well plates. Single clones were expanded and screened for StarD7 expression by Western blotting, as described above. The genomic DNA from clones with a significant reduction in StarD7 expression was isolated using a standard proteinase K/phenol method, and the DNA fragments for the sgRNA target regions were amplified by PCR using one set of primers (mSD7g-checkF1, 5Ј-CTCCTCGGA-AGCCACGCTACCTCAGCCGCTTCTGC-3Ј, and mSD7g-checkR1, 5Ј-GCATCGTACTCAAAAGACCACTGGGCA-AACTGGGC-3Ј). PCR products were purified using a QIAquick gel extraction kit (Qiagen, Hilden Germany) and sequenced directly to verify the deletion mutation regions.
Isolation of Mitochondria from Cells-Mitochondria were isolated from HEPA-1 cells using a hybrid Percoll-metrizamide gradient method described by Storrie et al. (30) . We substituted Nycodenz for metrizamide because the latter was difficult to obtain. Briefly, cells were homogenized by 80 strokes of a Dounce homogenizer in lysis buffer (20 mM Tris-HCl buffer (pH 8.0), 250 mM sucrose, 1 mM EGTA), and the homogenate was then centrifuged at 1,500 ϫ g for 5 min to remove nuclei and unbroken cells. The post-nuclear supernatant was applied to a hybrid Percoll/Nycodenz discontinuous density gradient (6% Percoll, 17% Nycodenz, 35% Nycodenz) and centrifuged at 50,000 ϫ g for 30 min using a Hitachi RPS40T rotor. The mitochondrion-rich bands were collected and diluted 10-fold with lysis buffer. After centrifugation at 13,000 ϫ g for 10 min, mitochondria were collected as the pellet.
Lipid Extraction and Quantification of Phospholipids by LC-MS/MS-Phospholipids were extracted from gradient-purified mitochondria (20 g of protein) according to the Bligh and Dyer method (31) . Briefly, 2 ml of methanol and 2 ml of chloroform were added to the purified mitochondria, followed by vortexing. Next, 2 g of internal standards (1,2-dipentadecanoyl-PC and 1,2-diheptadecanoyl-PE from Avanti Polar Lipids, Alabaster, AL) and 1.8 ml of water were added, and the sample was vortexed again. The lower phase, containing total lipids, was dried under N 2 gas and then dissolved in methanol. Lipids were analyzed by reverse-phase ultra-high pressure liquid chromatography using an Acquity UPLC BEH C18 column (1.7 m, 2.1 ϫ 50 mm) (Waters, Milford, MA) coupled to a 5500 QTRAP mass spectrometer (Sciex Inc., Framingham, MA). A binary gradient consisting of solvent A (acetonitrile/methanol/ water (1:1:3) containing 5 mM ammonium acetate) and solvent B (2-propanol containing 5 mM ammonium acetate) was used. The gradient profile was as follows: 0 -1 min, 95% A; 1-9 min, 5-95% B linear gradient; 9 -13 min, 95% B. The flow rate was 0.3 ml/min, and the column temperature was 40°C. Quantification of individual lipid molecular species was performed using multiple reaction monitoring. Individual lipids were quantified using MultiQuant, version 2.0 (Sciex), and normalized against the internal standards. For the quantification of absolute amount of the major PC and PE species in mitochondria, PC (18:0 -18:1 and 16:0 -18:1) and PE (18:0 -20:4) were obtained from Avanti Polar Lipids, and standard curves for these lipids were prepared.
Measurement of Cytochrome c Oxidase Activity-The enzyme assay for cytochrome c oxidase is based on a decrease in absorbance at 550 nm of ferrocytochrome c caused by its oxidation to ferricytochrome c by cytochrome c oxidase. Briefly, gradient-purified mitochondria were freeze-thawed and incubated with 20 M reduced equine heart cytochrome c (Sigma) in 10 mM phosphate buffer (pH 7.5). The absorbance at 550 nm was determined using a Varioskan multimode microplate reader (Thermo Scientific). The activity was calculated using an extinction coefficient of 19.0 mmol Ϫ1 cm Ϫ1 .
Transfection of StarD7-KO Cells with Wild Human StarD7 (Rescue Experiment)-StarD7-KO cells were transfected with a plasmid encoding the genes for human StarD7-I or -II (pCAGGS-hStarD7-I or -II) (9) using Lipofectamine 2000, according to the manufacturer's instructions. StarD7-I has an N-terminal mitochondrial targeting sequence, whereas StarD7-II does not. For measurement of ATP production and cell growth rate, cells were cultured in high-glucose DMEM for 2 days after transfection with wild human StarD7 and then cultured in glucose-free DMEM containing 25 mM galactose for another 1 or 4 days. ATP level and cell growth rate were measured as described below. For Western blotting, cells were cultured in high-glucose DMEM at least 3 days after transfection, and the levels of MTCO1 and StarD7 protein were analyzed by Western blotting as described above.
Measurement of Cellular ATP Level and Growth Rate-Cells were cultured in high-glucose DMEM or glucose-free DMEM containing 25 mM galactose for 1 day. Cellular ATP was deter-mined by luciferin-luciferase assay using an ATP assay kit (Toyo Ink, Tokyo, Japan), according to the manufacturer's instructions. The luminous intensity was measured using a luminometer (GloMax 20/20, Promega, Madison, WI) and normalized to the protein content.
To analyze cell growth rate, 5 ϫ 10 3 cells were plated in wells of a 96-well plate and cultured in high-glucose DMEM or glucose-free DMEM containing 25 mM galactose. The cell proliferation rate was determined using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan), according to the manufacturer's protocol. The spectrophotometric absorbance in living cells was measured at a wavelength of 450 nm using a microplate spectrophotometer.
Quantitative Real Time (RT)-PCR of Respiratory Complex IV electrophoresis, gel was soaked in transfer buffer (25 mM Tris-HCl (pH 8.0), 0.1% SDS, 190 mM glycine, and 20% methanol) for 10 min, and protein was transferred to PVDF membrane. The blot was proved with anti-total OXPHOS rodent WB antibody mixture, and the protein band was visualized as described above.
Electron Microscopy-Cells were cultured in high-glucose DMEM and fixed in PBS containing 2% glutaraldehyde for 90 min at 4°C. The cells were then rinsed thoroughly with PBS, post-fixed in 1% osmium tetroxide for 1 h at 4°C, dehydrated in ethanol, and embedded. Ultrathin sections were stained with uranyl acetate followed by lead nitrate. Transmission electron microscopic images were obtained using a JEM-1210 microscope (JEOL, Tokyo, Japan).
Analysis of Opa1 Oligomerization-Opa1 oligomerization was analyzed as described before (13) . Briefly, after washing with PBS, cells were treated with 1 mM bismaleimidohexane (Thermo Fisher Scientific), a cell-permeable cross-linker, for 20 min at 37°C. After cross-linking, cells were washed twice in PBS containing 0.1% ␤-mercaptoethanol to quench the reaction. Cells were lysed, and prepared samples were separated with 5% acrylamide gel and subjected to Western blotting analysis as described above.
Statistical Analysis-Values are expressed as means Ϯ S.D. Group means were compared using the Student's t test after analysis of variance to determine the significance of differences between individual means. A p value of Ͻ0.05 was considered indicative of statistical significance. 
